A method to fabricate microelectromechanical systems (MEMS) clamped-clamped resonators using polymethylglutarimide (PMGI) as a sacrificial release layer has been developed. Control of the critical air-gap dimension between the resonator beam and drive electrode was maintained by varying the sacrificial PMGI thickness, allowing fabrication of devices with resonator-to-electrode gaps as small as 100 nm. The resonator beam was constructed by depositing a low stress, low temperature bi-layer alpha-TaN/SiON (50/2000 nm) film over the PMGI layer, followed by a multi-step etch process. Physical characterization of devices with varying beam lengths was performed via focused ion beam and scanning electron microscopy analyses to verify complete release of the resonator structures. Electrical testing showed a resonant frequency of 11.3 MHz, which agreed well with simulated results. The measured RF characteristics are fitted with a lumped element model that used Young's modulus and the device quality factor as adjustable parameters. Young's modulus of the individual components of the TaN/SiON bi-layer was measured and found to be in good agreement with the values used to fit the measured resonance.
Introduction
One of the upcoming enabling technologies entering the market is microelectromechanical systems (MEMS). MEMS promises to revolutionize product categories by merging silicon-based microelectronics with micromachining technology. Merging of these technologies will bring us closer to fabricating complete systems on a chip. One possible development is the fabrication of a MEMS resonator as a narrow band-filter. This technology could be integrated into current chip designs, therefore eliminating off-chip components such as surface acoustic wave (SAW) devices [1] .
The focus of this investigation is to develop a low temperature method to fabricate bi-layer clamped-clamped 3 Currently enrolled at Arizona State University, Tempe, AZ 85287, USA.
MEMS resonators using PMGI as a sacrificial layer. Typical methods for fabricating MEMS resonators utilize polysilicon, SiO 2 , Si 3 N 4 or Ni films for the beam material [2] . The temperature regime for some of these fabrication schemes can exceed 400
• C and therefore inhibits integration into CMOS process flows. In this study, resonator beams were fabricated using a low stress, low temperature bi-layer alphaTaN/SiON laminate film that can easily be integrated into standard CMOS processes. Physical characterization of devices was performed via focused ion beam (FIB) and scanning electron microscopy (SEM) analyses to verify release of the bridge structures. Electrical characterization was performed through resonator beam-to-electrode pull-down voltage, beam-to-electrode capacitance and RF resonance measurements to determine the structural stability as well as electrical functionality of the devices. 
Device design
With a clamped-clamped beam design the fundamental mode resonator frequency can be determined by the geometry of the beam, material properties, and stress of the structural material. An expression for resonance beam frequency can be written as follows:
where K r is the beam stiffness, m r is the mass of the beam, E is Young's modulus, ρ is the beam density, and h and L r are the thickness and length of the beam [3] . Initial values used in the resonator beam design, using a TaN/SiON film, are 72 GPa for Young's modulus, 2200 kg m −3 for film density, and a beam height of 2 µm. Devices built in this study resulted from a design of experiments (DOE) utilizing the parameters listed in table 1 with the beam thickness set at 2 µm. Figure 1 shows a diagram indicating the pertinent geometrical parameters for the resonator beam, as well as a SEM image of a 24.2 µm long device.
Polymethylglutarimide (PMGI) was chosen as the sacrificial layer because it is a positive tone, low contrast, deep UV resist used in multilayer resist applications such as liftoff or T-gate processing, and air bridge fabrication [4] . PMGI is sold by MicroChem under the SF resist brand name, and can be found in a wide range of solution viscosities depending on desired final film thickness. Typically, PMGI is used as the underlying resist in bi-layer resist schemes because of its ability to produce a retrograde profile in liftoff processes. While PMGI is photosensitive, it has a significant unexposed development rate that allows PMGI to be used in applications without its own exposure step. PMGI does not intermix when used in combination with standard positive novolac resists. The film resolution is a function of the top imaging resist and is developed out using a standard solution of tetramethyl ammonium hydroxide (TMAH), such as Shipley Microposit Developer CD26 (0.26 N). The glass transition temperature of PMGI is approximately 185
• C, and it can be planarized at temperatures of 250-290
• C. PMGI is stable up to approximately 325
• C therefore allowing the material to be further processed at higher temperatures than standard resist.
Fabrication methodology
The methodology used to fabricate the clamped-clamped resonators using PMGI as a sacrificial release layer is outlined in the following paragraphs and is illustrated in figure 2 .
First, a 6000Å layer of tetraethyl orthosilicate (TEOS) is deposited as a RF isolation layer between the metal conductor and the silicon substrate (figure 2(a)). Next, a bi-layer Ti/Au thin film is deposited onto the substrate to form the electrode and metal conductors using standard liftoff processing (figure 2(b)). PMGI can then be spin-coated over the metallization at the precise thickness required to define the critical air-gap height (100-240 nm) between the resonator bridge and the drive electrode (figure 2(c)). The PMGI is softbaked at 200-290
• C to prevent intermixing with the top imaging resist and to reduce the dissolution rate in TMAH-based developers. A novolac resist is then coated over the PMGI film, and vias are patterned strategically over the conductors to define areas where the beam structure will be anchored. The exposed top resist is developed with 0.26 N TMAH allotting additional time in the developer to completely clear both the top patterning resist and the underlying PMGI film. Once anchor locations have been cleared, the top imaging resist is selectively stripped, leaving the remaining PMGI film. The substrate is then baked at 240
• C to drive off any residual solvents in the PMGI film. The resonator beam is fabricated by depositing blanket films of low stress, low temperature bi-layer alpha-TaN/SiON (figure 2(d)). The alpha-TaN conductive film is first reactively deposited onto the PMGI film at a thickness of 50 nm followed by plasma-enhanced chemical vapor deposition (PECVD) of a 2 µm SiON film at 250
• C. Mechanical characterization of blanket TaN and SiON films was performed using a MTS Nanoindenter depth-sensing indentation system. The TaN film exhibited a Young's modulus of approximately 257.5 GPa with a hardness of 21.0 GPa. The SiON film had a Young's modulus of 61.4 GPa and a hardness of 6.5 GPa. As determined by the nanoindenter, the composite Young's modulus value figure 4 for SEM images of the SiON beam structures using the two-step SiON process. The sacrificial PMGI layer is then removed using an oxygen-based ash process to avoid stiction of the beam to the electrode ( figure 2(f ) ). PMGI removal times vary depending on the PMGI thickness. A typical dry ash time is 30-40 min at 750 W and 175
• C.
Fabrication results
Images of released resonator structures are shown in figure 5 .
The resonator beam-to-electrode series resistance was measured to determine if the resonator beam was in contact with the bottom electrode. On the initial lot, this test revealed that 78% of the devices with a nominal gap of 120 nm were shorted. In contrast, only 28% of the devices with a nominal gap of 240 nm were shorted. Shorting of the devices could be due to residual stress in the beam causing it to warp, stiction during the release etch process, or surface roughness of the To understand the cause of the shorts, FIB-SEM (using a FEI 835 FIB tool) images of released resonators were taken. Figure 6 indicates that the beam is significantly closer to the electrode at its edge than at its center. AFM measurements were taken of blanket PMGI films coated over various electrode and conductor topologies. The AFMs revealed the PMGI films tended to be conformal over the bottom electrode and correlated well with beam profiles seen in the FIB images of released structures. The variations within the PMGI films increased with thicker electrodes. Process improvements were incorporated in the next set of resonators in an effort to improve thickness variations of the PMGI films. The resonators were fabricated utilizing a more durable Ti/Pt conductor/electrode metal scheme for improved etch selectivity while at the same time the metal thickness was reduceed to 60 nm to aid in PMGI planarity. Additionally, 100 nm PMGI films were subjected to a reflow step (temperatures above 250
• C) prior to coating the sacrificial layer with the imaging resist. Figure 7 shows improvements made in the PMGI planarity and the resulting beam profile of released structures. Resonator beam-to-electrode series resistance was again measured to determine if the resonator beam was in contact with the bottom electrode. The test revealed no shorted devices due to contact of the beam with the bottom electrode.
DC characterization results
The dc characterization of the resonator structures was performed using a semiconductor parameter analyzer for pull-down measurements and a LCR meter for capacitance measurements.
Pull-down is the voltage at which the electrostatic force derived from the applied bias voltage causes the beam to collapse. This parameter is a function of several geometric and material parameters [5] and is determined by the following equation:
where d is the gap, ε 0 is the permittivity of air, W r is the resonator width, W el is the electrode width, and K r is the beam stiffness. K r may be further defined as
where E is the composite Young's modulus and L r is the resonator length. The pull-down voltage of the devices was used to determine the electromechanical stability of the beams. The measurements were performed on devices with a beam length of 24.2 µm, beam widths 30% and 50% of length, and electrode widths 60% and 80% of the beam length. to note that at even low voltages (10-20 V) the electric fields over such a small gap (85-100 nm) are within the danger zone for electrostatic breakdown in sub-micron gaps [6] . Such breakdown behavior is strongly affected by geometry (corners) and surfaces (roughness, work function of the materials) and is usually widely distributed. This breakdown behavior could account for some of the outliers seen in the pull-down voltage measurements. Capacitance measurements were then performed in an attempt to indirectly measure the resonator beam-to-electrode gap and to nondestructively determine devices suitable for RF testing. Due to the small size of the devices, resonator-toelectrode capacitances are typically of a few fF and hence very difficult to measure accurately. Nevertheless, a technique was 
RF characterization results
RF measurements were performed using a custom-built vacuum chamber with a base pressure of 10 mTorr. Both input and output signals are provided and measured by a vector network analyzer (VNA). A power supply was used to provide the dc voltage bias to the resonator. The measured RF transmission spectrum (S21) is used to determine the resonance frequency and Q of the device. Figure 10 shows the measured response of a MEMS resonator with a length of 24.2 µm, a width of 12.1 µm, and an electrode width of 13.8 µm at a vacuum level of 20 mTorr. The measured RF spectrum indicates a resonant frequency of 11.3 MHz with a Q of 2200. The smooth line in figure 10 shows the fit based on a lumped element model using an effective Young's modulus of 66.1 GPa for the bi-layer as measured by the nanoindentation technique. An effective mass density of 2725 kg m −3 for the bi-layer beam was derived from the fit to the measured results and indicates a total bi-layer thickness of approximately 1.35 µm (1.3 µm SiON and 0.054 µm TaN). The lumped element model is based on a force-voltage analogy between mechanical and electrical quantities. The model is used to represent the resonator as a series L-C-R resonant circuit (the model also includes the stray line and bond-pad capacitances). Figure 11 shows a schematic of the lumped element model for the MEMS resonator. The formulae indicate the relationship between mechanical and electrical elements of the model. The electromechanical coupling coefficient η relates the two quantities and is extremely sensitive to variations in the gap d. As can be seen from figure 10, the model agrees extremely well with the measured results. Table 2 lists the relevant MEMS resonator parameters and the derived values for each lumped element used in the model to fit the RF response in figure 10 .
Conclusions
A novel low-temperature method to fabricate functional MEMS clamped-clamped resonators using PMGI as a sacrificial release layer has been demonstrated. The materials and processes used in this study can easily be integrated into standard CMOS processes therefore supporting the merging of silicon-based microelectronics with micromachining technology. More specifically, the critical height between the resonator beam and drive electrode was controlled by varying the PMGI thickness. Planarization of the PMGI film over the electrode metallization was found to be a key factor in producing working resonators. Additionally, the PMGI films were found to be compatible with subsequent processes used to fabricate the low stress bi-layer TaN/SiON resonator beam. The development of a multi-step TaN/SiON dry etch process was also vital in eliminating veil formation on the sidewalls during the fabrication process. To avoid stiction issues, a dry release process was developed. Finally, electrical tests of released devices showed a resonant frequency at 11.3 MHz with a Q value of 2200.
